More attention has been paid to the mitral valve (MV) than the tricuspid valve (TV), and this relative paucity of data has led to confusion regarding the timing of TV surgery. We review the American College of Cardiology/American Heart Association and European Society of Cardiology guidelines to identify areas of concordance (severe tricuspid regurgitation [TR] in a patient undergoing mitral valve surgery); discordance (less than severe TR but with markers for late TR recurrence such as pulmonary hypertension, a dilated TV annulus, atrial fibrillation, permanent transtricuspid pacing wires and others); and disagreement (surgery for primary TR). We provide our perspective from Northwestern University on these issues and where the guidelines are silent (TR in patients undergoing non-mitral valve operations). Finally, we review recent publications on the results of TV repair and replacement. Although there have been scant publications in the past, there have been more useful publications in recent years to guide our decision making.
Introduction
The tricuspid valve (TV) has not received as much attention as the aortic valve (AV) or mitral valve (MV), and hence has been referred to as the "forgotten valve." Significant tricuspid regurgitation (TR) may be clinically silent for a prolonged period, during which time progressive right ventricle (RV) dilatation and dysfunction may develop, similar to changes that can occur with asymptomatic mitral regurgitation (MR) and its' effect on LV function. Eventually the TR patient may be managed with diuretics for symptoms and only considered for surgery after advanced RV dysfunction, and even liver dysfunction or cirrhosis, have developed. It should be no surprise, therefore, that results from the Society of Thoracic Surgeons (STS) Database indicate that TV surgery is the most high-risk valve operation in terms of morbidity and mortality [1] . Although MV surgery has evolved over the past few decades toward progressively earlier intervention, even in selected asymptomatic patients, no such evolution has occurred in TV surgery yet [2, 3••]. The relative paucity of articles on the TV compared with AV and MV, and no randomized trials, contribute to this problem. In this article, we review and compare the US and European Guidelines regarding TV surgery, data supporting these guidelines, recent outcome data for TV surgery and repair results, and draw parallels and contrasts to the approach to MV surgery.
US and European guidelines on the management of valvular heart disease
Both the American College of Cardiology/American Heart Association (ACC/AHA) and the European Society of Cardiology (ESC) have produced extensive documents on the management of heart valve disease, including separate sections on TV surgery [2, 3••]. There are some areas of concurrence and others of disagreement (Table 1 ). Both list a class I indication to perform TV repair for severe TR in patients who are undergoing MV surgery, and that reflects the standard of practice for most surgeons. Both guidelines are silent about performing TV surgery when a surgeon is there for coronary bypass, aortic valve replacement (AVR), or other cardiac surgery. At Northwestern, we would typically perform TV repair in these situations. The ESC Guidelines also list TV surgery as a Class I indication in the case of severe primary TR (or tricuspid stenosis) with symptoms despite medical therapy, without severe RV dysfunction. Somewhat surprisingly, the US guidelines only list this as "reasonable" and a class IIa indication. Perhaps this reflects the reluctance to operate on some of these patients who have already developed irreversible RV dysfunction as the natural history of TR has progressed, but it is one of the rare times that valve disease with symptoms is not listed as a Class I indication for surgery in the guidelines.
Class II indications show considerable differences between the two documents. The ESC lists a IIa recommendation for severe TR and symptoms in the unfortunately too-common scenario seen after left-sided valve surgery (without left-sided valve dysfunction, RV dysfunction, or pulmonary hypertension). The US guidelines are silent in this circumstance. Although the repair rate for TV is increasing in the United States (compound annual growth rate of 16.4%) per STS data (Table 2) [1, 4] , untreated TR may cause symptoms after MV surgery such that the above clinical situation is not uncommon. However, as the patient will now be a reoperation, clinicians are reticent to perform a reoperative surgery. The best strategy would be to avoid this situation by the more liberal use of TV annuloplasty (TVA) at the initial surgery, and this is reflected in the ESC guidelines; the US guidelines are more conservative, however. It is not clear if the US guidelines were meant to reflect general US practice, or whether they influence the practice and therefore TV surgery is less common here. The ESC gives a Class IIa indication for moderate secondary TR with a dilated annulus (940 mm) in a patient undergoing left-sided valve surgery [2] . The US guidelines say TVA "may be considered" (Class IIb) when there is TV annular dilatation or pulmonary hypertension [3••] .
Perhaps one of the most important differences, however is that the US guidelines give a class III indication (not indicated) in asymptomatic patients with TR whose pulmonary artery systolic pressure (PASP) is less than 60 mmHg in the presence of a normal MV [3••] . This is interesting because they now have elevated MV repair to a Class IIa indication in asymptomatic patients if there is a 90% chance of success in an experienced center. With the exception of some organic TR cases, the vast majority of TV surgeries are repair, even in the less experienced US centers. The ESC guidelines for mild or no symptoms with severe isolated TR, and progressive dilatation or deterioration of RV function, give this a IIb (may be considered) recommendation [2] . This is more reflective of the insidious natural history of TR on RV function. It also mirrors the philosophy behind earlier intervention in patients with asymptomatic severe MR to avoid the deleterious effects of inevitable progressive LV dysfunction. Both guidelines reflect a limited ability to analyze the course of functional TR due to the paucity of longterm data, difficulty quantifying the amount of TR, and because they are derived mostly from a consensus of experts, retrospective studies, or registries.
TV and other valve surgery Data from the STS demonstrates the TR repair rate for patients undergoing isolated MV repair with preoperative 4+ TR was 80%; for those with 3+ TR it was 30%; and for those with 2+ TR it was 5%. Data from our Northwestern database show those rates for 4+ are 100% (93% repair, 7% replace), 50% for 3+ TR, and 21% for 2+ TR. For the 50% of Northwestern patients with uncorrected 3+ TR, these were generally elderly patients with previous surgeries, no history of right heart failure, and resolution of TR before surgery. Some patients with ≤2+ TR underwent repair, if there was a history of right heart failure, left ventricular ejection fraction (LVEF) G35%, pulmonary hypertension, and/or TV annular diameter 940 mm as measured in any dimension by intra-operative transesophageal echo-cardiography. This practice is more in keeping with the ESC guidelines. We used a rigid remodeling ring, size 26 mm or 28 mm, in 93% of patients. If the TV was severely tethered or had extensive leaflet damage, it was replaced (chord-sparing) in 7% of patients with a bioprosthetic valve. Permanent pacemakers (PPM) or implantable cardioverter-defibrillators (ICD) were removed and replaced with epicardial pacing wires or se- Difference in approach to patients with asymptomatic primary TR cured in the septal-posterior commissure because they are known to reduce repair durability [5] .
Class II indications for surgery Annular Size Dreyfuss et al. [6] used tricuspid annular dilatation as the indication for TV repair, regardless of TR grade. Data from their long-term prospective series of 311 patients with no clinically significant preoperative TR in 98% (preoperative ≤1+ TR in 88%) showed that 148 patients had a large annulus diameter (≥70 mm) and were treated by TVA. Preoperative mean TR grade was 0.7 in untreated (n=163) and 0.9 in TVA groups (n= 148). Mean follow-up was 4.8 years. TR increased by ≥2 grades in the uncorrected TR group and was more than in the TVA group (48% vs 2%; PG0.001). The uncorrected group demonstrated significant worsening in New York Heart Association (NYHA) class (1.6 vs 1; PG0.0001) and similar survival (85% vs 90%; P = NS) at 10 years. A similar study by Sarraj et al. [7] used the cut-off value of tricuspid diameter 921 mm/m 2 (measured by fourchamber echocardiogram) to perform tricuspid repair in 17 patients with severe TR, and PASP G60 mmHg in 53%. At 2.5 years of follow-up, the authors observed a significant decrease of mean TR from 3.5 to 1.6 (PG0.001) and substantial reduction of moderate/severe dilatation of TV annulus from 100% to 0 (PG0.001). No operative mortality was reported and overall mortality was 6%.
Pulmonary artery hypertension and ischemic cardiomyopathy In a study of 237 patients with preoperative symptomatic severe TR (960%), NYHA III/IV (950%), and mildly reduced EF, Ghanta et al. [8] observed that after tricuspid repair, patients with recurrent TR had a higher postoperative PASP compared with patients without recurrent TR (52 mmHg vs 43 mmHg). In a study of patients with low EF and pulmonary hypertension, significant ≥3+ TR was higher compared with patients with no pulmonary hypertension (37% vs 3%; P G0.0001) during 2 years of follow-up after TV and MV repair [9•]. Absence of residual TR after TV repair in 17 patients with preoperative symptomatic severe TR was associated with significant reduction of moderate/severe pulmonary hypertension from 94% to 30% (PG0.002) [7] . In a study of patients with predominantly nonischemic mitral disease undergoing concomitant TV repair, significant decrease of residual TR from 42% to 3% (PG0.001) was associated with a substantial reduction of PASP from 48 mmHg to 34 mmHg (PG0.001) [10] . These studies suggest that elevated PASP negatively impacts mid-term recurrent TR.
Matsunaga and Duran [11] reported in 70 patients with ischemic mitral regurgitation (IMR), after revascularization and MV surgery, that the incidence of TR increased from 25% at G1 year to 74% at ≥3 years, independent of whether TR was corrected or ignored. Residual significant TR was 64% and associated with the return of functional MR in 31% at last follow-up. Similarly, Bove et al. [12] reported in 78 IMR patients a prevalence of significant TR in 22% and recurrent MR was present in 9% during 2 years of follow-up after mitral repair. These studies suggest the relationship of functional TR with functional MR, and mutually related with poor LV function. Calafiore et al. [13•] have demonstrated that functional TR progression is not related to recurrent MR in patients with low EF but impacts prognosis when left untreated. MV and TV surgery was performed in 110 patients with severe IMR (EF ≤35%) and co-existent significant TR. Lower residual TR was observed in the TV repair group compared with the uncorrected group (5% vs 40%; P G0.001). Both groups had similar recurrent MR at 5%. Five-year survival rate was 75% in TV repair group versus 45% in the no-repair group (P=0.004). [14] . By 10 years, cumulative high event rates were observed in 75% of patients with symptoms of heart failure, atrial fibrillation (AF), surgical intervention, or death (Fig. 1) . TV repair was performed in 82% of patients with a low mortality (3%) and marked symptomatic improvement in 88% of patients. Conversely, excess mortality and high morbidity were observed in the unoperated group. The authors suggest that surgical intervention should be considered early in the course of the disease before the occurrence of irreversible consequences. ACC/ AHA guidelines suggest this is not indicated (Class III) but note that if left untreated, it will lead to a "poor long-term outcome." At Northwestern, we believe early surgery is justified, as this is an insidious disease with a definite mortality and morbidity risk. Asymptomatic patients may have clinically silent severe RV enlargement with apparently normal RV pressure, and no pulmonary hypertension and mitral disease. Messika-Zeitoun et al. [14] initially found only 27% with severe right-sided chamber enlargement and the rest had normal right-sided chamber dimension. However, by 5 years, patients had developed severe right-sided chamber enlargement, even in those who did not have any chamber enlargement at initial presentation (39% no enlargement vs 87% with enlargement; PG0.01). This prolonged latent period led to a high 15-year event rate (69% with symptoms of heart failure, AF, cardiac surgery, or death). This is particularly important because patients with posttraumatic lesions are usually young when complications occur. The outcome was characterized by excess mortality (36% at 10 years or 3.8% yearly) [14] . Being "asymptomatic" does not guarantee that the heart has not undergone TR-related ventricular changes. Therefore, like asymptomatic MR with flail leaflets, early surgery should be favored, particularly because successful repair is highly likely.
Factors in the development of recurrent TR Atrial fibrillation Data from a long-term study in 90 MV surgery patients with preoperative AF and no TR demonstrated that severe TR developed in 7.5% and was associated with an event-free survival rate of 71% at 13 years [15] . In another study from that group, significant reduction of recurrent TR was achieved in 38% of MV patients undergoing concomitant Maze procedure compared with no-Maze patients (15% vs 40%; P =0.005) with an average follow-up of 7.6 years [16] . Permanent pacemaker or ICD leads Lin et al. [19] reviewed their series of TV surgery due to symptomatic severe TR caused by previously placed PPM or implanted ICD leads in 41 patients. Mean time from PPM or ICD placement to reoperation was 6 years. The cause of TR was impingement of the lead on the TV leaflets in 40%, leaflet perforation, entanglement of the TV apparatus, and adhesion of the lead to the TV leaflet. Half of the patients underwent TV repair in the absence of extensive TV leaflet damage. Otherwise, the lead was removed or repositioned away from the affected leaflet, secured in the recess of either the posteroseptal or anteroposterior commissure, or the defect in the leaflet was suture-repaired. The rest of the patients underwent TV replacement because of extensive leaflet damage, and the pacing lead was positioned external to the sewing ring of the prosthesis. Symptomatic improvement was observed during an 8-year follow-up. McCarthy et al. [5] showed that 5 years after TV repair, 42% of patients with preoperative PPM had 3+ or 4+ TR, almost double the incidence of those without a pacemaker (P=0.04). Similarly, Navia et al. [20• ] from a later Cleveland Clinic series found in the 15% of patients with preoperative PPM, significant TR was present in 45% 5 years after TV repair. These studies suggest removing PPM and replacing with epicardial leads at the time of surgery may be the best solution [5] .
TV tethering, ventricular dilatation and dysfunction Fukuda et al. [21] showed that measuring distance and area of TV tethering is a reliable diagnostic criterion to predict the severity of early residual TR after TV repair. Later, Fukuda et al. [22] reported in patients with preoperative tethering height greater than 1.0 cm, repair failure was 55% immediately after repair, suggesting that tethering height is also a predictive factor for greater residual TR. A recent study used TV leaflet tethering distance of 98 mm or a tethering area of 916 mm 2 as the threshold for performing an adjunctive procedure (pericardial patch to anterior leaflet) to lessen leaflet tethering [23•] . Low recurrent TR of 2% and 8% of patients was realized at 1 month and 1 year, respectively. In another study, Fukuda et al.
[24] found a significant correlation of higher RV pressures and TR severity in 39 patients after TV repair. Patients with early postoperative LV dysfunction had sustained higher RV pressures after follow-up compared with patients with preserved LV function. de Bonis et al. [9•] reported outcomes after mitral repair in 78 patients with dilated cardiomyopathy (EF ≤31%) and co-existent TR ≤2+ and RV dysfunction. Uncorrected TR progressed to TR severity ≥2 in 18%.
Summary
In summary, there is a significant risk for residual TR if it is left untreated in patients with a dilated annulus, ischemic cardiomyopathy, and pulmonary hypertension. These are patients that we approach more aggressively at Northwestern, similar to ESC guidelines. There is a significant risk for recurrent TR after TVA for patients with permanent pacing wires, a history of AF, and RV dysfunction with dilatation and leaflet tethering. All these factors need to be properly weighed in regards to the decision whether or not to perform TV surgery and how to perform TVA. and rigid remodeling rings [5, 10, 20•, 22, 24, 25] ; 2) Suture annuloplasties, such as bicuspidization [8] , partial purse-string (De Vega), modified De Vega; and 3) pericardial annuloplasty [5, 20•] . Other techniques may include 1) edge-to-edge "Clover" technique by suturing the free margins of the tricuspid leaflets in conjunction with ring annuloplasty [26] ; 2) anterior tricuspid leaflet augmentation to increase leaflet coaptation and relief of tethered leaflets [27•] ; and 3) a very preliminary RV reduction technique used to plicate the RV wall by placement of two strips of felts on the epicardial surface. This method reduced the RV cavity and approximated the papillary muscles [28] . & Matsuyama et al. [29] reported by 3 years, 3+4+ TR redeveloped in 6% of patients in the ring group compared with 45% in the DeVega group. Navia et al. [20•] reported by 3 months that 3+4+ TR was present in 11% of patients. By 5 years, significant TR redeveloped in 10% to 16% in the ring group; however, a trend for higher incidence of TR was observed in the suture group (19% for Kay and 24% for De Vega). Ghanta et al. [8] found TR recurrence was 31% in the ring group compared with 25% in the "bicuspidization" group at average follow-up of 3 years. In another study, a newly developed suture pericardial strip annuloplasty was compared with conventional suture annuloplasties [30] . By 3 years, 3+4+ TR redeveloped in 10% in the pericardial strip group versus 16% in the conventional group. Long-term studies by Tang et al. [31] demonstrated significantly better freedom from recurrent TR in the ring than suture repairs (83% vs 39%; P=0.003) at 15 years. Despite significant TV and RV dysfunction, ring repairs proved to be more durable than suture repairs. Ring annuloplasty predicted better long-term and event-free survival.
Treatment
Mid-term studies of ring, suture, and pericardial annuloplasties have an 8% to 14% prevalence of rapid 3+4+ TR recurrence within a week of surgery [5, 8, 20•, 22, 30] . Risk factors for repair failure included higher preoperative TR [5, 8, 20•, 30] , higher PASP [8] , larger ring size, MV replacement rather than repair, worse LV dysfunction [5] , increased LV remodeling [20•] , suture [30] and Peri-Guard annuloplasties), and presence of pacemakers [5] .
Anterior tricuspid leaflet augmentation: early studies measured by echocardiography) was used as an indication to perform concomitant pericardial patch augmentation either with ring or suture, and patients were equally distributed. By 1 year, higher recurrent TR was present in increasing group order: ring/patch 8%, suture/patch 10%, isolated ring 14%, and isolated suture 28%. The investigators conclude that pericardial patch augmentation technique appears to relieve severe TV tethering; however, this repair technique may be unsuitable in reoperations and multiple valve surgeries. Careful patient selection and accurate assessment of preoperative TV tethering are necessary to prevent repair failure.
TV replacement
& In patients with primary TV disease, TV repair is associated with better early, mid-term, and event-free survival than TV replacement (5 years at 90% vs 63%; 10 years at 76% vs 55%; PG0.001) [32] . Moderate to severe RV dysfunction was significantly lower in the TV repair group (repair, 9%; replacement, 28%). However, in patients with combined TV and MV disease, Moraca et al. [33•] found no difference in survival benefits between TV repair and replacement. In the propensity-matched study, operative mortality was similar (both high) for TV repair and replacement (18% vs 13%), and late survival was similar (5 years at 72% vs 79%; 10 years at 66% vs 49%). Other investigations also demonstrated no difference between procedures, despite a higher incidence of preoperative TR severity and risk factors in the TV replacement group [34, 35] . The incidence of redo TV surgeries was not significantly different between groups [35] .
Conclusions
& Reassessment of the current practice guidelines is essential, as we develop more information on the poor natural history of TR and the risk factors for late TR with untreated, or inadequately treated, TR during an earlier surgery. Determining which of the current repair procedures provide the best long-term outcomes are necessary, in particular for those patients with severe tethering. Investigations of adjunctive or other repair techniques are warranted or the use of chord-sparing TV replacement.
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